TARASOV, N. I. 1956 . Marine luminescence [English transl.] . Naval Oceanogr. Office NOOT-2 1. TETT The measurement of bacterial chlorophyll and algal chlorophyll a in natural waters Abstract-Several groups of chlorophyll-bearing photosynthetic organisms often coexist in anoxic waters. Because of the close similarity between the absorbance spectra of chlorophyll a (in cyanobacteria and algae) and the chlorophylls of green sulfur bacteria (Chl-GSB) it is difficult to distinguish these two groups of organisms where they co-occur.
We have developed a simple method to measure both chlorophyll a and Chl-GSB and used it in a meromictic coastal pond. In anoxic bottom waters Chl-GSB was the major pigment present (averaging 20 mg m-)), but chlorophyll a accounted for from 5 to > 50% of the total pigment present throughout the year. Without our method large errors in calculated Chl-GSB and chlorophyll a concentrations would have resulted.
The distribution of photosynthetic sulfur bacteria is restricted by their requirement for both anoxic conditions and light (Fenchel and Blackburn 1979; Pfennig 1967) . Where light reaches anoxic waters, however, these bacteria can be important; in some such systems the biomass of photosynthetic bacteria is often as large as the algal biomass (e.g. Cloern et al. 1983; Indrebo et al. 1979; Parker et al. 1983 ). The biomass of photosynthetic bacteria is frequently calculated from bacterial chlorophyll measured from the absorbance of 90% acetone extracts of particles (Lawrence et al. 1978; Parkin and Brock 198 1; Takahashi and Ichimura 1968, 1970) , but this method of chlorophyll determination can lead to errors in calculation.
The two major groups of photosynthetic sulfur bacteria, green and purple, are distinguished largely by the type of chlorophyll they possess (Pfennig 1967 (Pfennig , 1977 . Acetone extracts of purple sulfur bacteria have a peak absorbance at 772 nm due to a dominance of bacterial chlorophyll a (Takahashi and Ichimura 1970) . Acetone extracts of green sulfur bacteria have a peak absorbance near 653 nm due to a mixture of bacterial chlorophylls c, d, and e (Gloe et al. 1975; Parkin and Brock 198 1) . In waters containing both purple and green sulfur bacteria, these two groups are relatively easily distinguished be- cause of the large difference (120 nm) in the absorbance peaks of their chlorophylls. When chlorophyll a is also present, the problem of calculating the standing stock of green sulfur bacteria becomes more difficult because the absorbance peak of green sulfur bacterial chlorophylls (Chl-GSB) is very close to that of chlorophyll a (ca. 663 nm:
Lorenzen 1967). Anoxic waters often contain both green sulfur bacteria and organisms with chlorophyll a, including algae which sink from oxic surface waters and cyanobacteria which grow there (Cohen 1984) . The problem of interference, however, has been acknowledged in only a few studies (e.g. Tolstoy and Toth 1980). Steenbergen and Korthals ( 1982) separated bacterial and algal pigments by paper chromatography and measured their absorbances in acetone. This is time-consuming since even with high concentrations of pigment large volumes of water (25 liters) must be filtered. Equations developed by Parkin and Brock (198 1) for mathematically separating Chl a from Chl-GSB in acetone extracts work only if no decomposition products of Chl-GSB are present. Upon decomposition (from chlorophyll to pheopigment), the absorbance of Chl-GSB shifts from near 653 nm to near 658 nm (Gloe et al. 1975) , so that Parkin and Brock's equations would overestimate the concentrations of Chl a. Most systems with green sulfur bacteria probably contain significant quantities of these bacterial pheopigments (Pheo-GSB).
Calculating pigment concentrations in waters containing Chl a, Pheo-GSB, and
Chl-GSB, which absorb in acetone at 663, 658, and 653 nm, is difficult because of their close absorbances. Determining the standing stock of either chlorophyll-a-bearing organisms or green sulfur bacteria can therefore be very difficult in anoxic waters. We developed equations that would allow calculation of the standing stocks of algae and green sulfur bacteria in anoxic waters.
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Siders Pond is a eutrophic meromictic pond with permanently anoxic bottom waters. Concentrations of chlorophyll a in surface waters are high and large amounts of algal material sink out of the photic zone into the bottom water (Caraco 1986) . Sulfur bacteria give the bottom water a pinkishorange color. Absorbance spectra of acetone extracts of particles from the colored waters showed that purple sulfur bacteria were not present in large numbers (there was no noticeable absorbance at 772 nm); this indicated that the color of the water was probably due to brown-colored, green sulfur bacteria (Gloe et al. 1975; Pfennig 1977) . Because both chlorophyll a and Chl-GSB could be present, their mutual interference had to be considered in calculating concentrations of algal or bacterial chlorophyll.
To simplify the process of mathematically separating the pigments of green sulfur bacteria and algae, we measured absorbance in samples in which all pigment had been converted to pheopigment by adding 1 N HCl(O.01 ml ml-l acetone) to the extracts. F is a combined factor to account for the volume of water filtered in liters (wf), ml acetone used for extraction (AC), and the cell length (cm) used in the spectrophotometric reading (cl): F = Ac/(wf x cl).
We first tested the effectiveness of our equations in separating TChl a from TChl-GSB by mixing acidified extracts from the bacterial and algal cultures and comparing predicted to actual pigments in each mix. Figure 1 shows that our equations do separate TChl a from TChl-GSB in mixed samples. Next, to determine whether the cultured bacteria and algae were representative (in terms of pigment makeup) of those in Siders Pond, we compared the absorbance spectra of acetone extracts of phytoplankton cultures and of particles collected from the surface waters and also of particles collected from the lower anoxic waters and of bacterial cultures or mixtures of the algal and bacterial cultures. Figure 2 shows that our cultured bacteria and algae were indeed representative of those growing in Siders Pond.
Finally, we measured depth profiles of TChl a and TChl-GSB in Siders Pond throughout the year. If our equations were indeed distinguishing the chlorophyll of green sulfur bacteria from algal chlorophyll a, little TChl-GSB should be present in oxic surface waters, but it should be relatively high in orange anoxic waters. Typical profiles are shown in Fig. 3 . TChl-GSB was usually undetectable in surface waters, but concentrations often increased dramatically near the oxycline, to as much as 100 mg m-3. When TChl-GSB was detectable near the surface, its presence was usually correlated with a shallow oxycline (Fig. 3: 22 November). High turbulence at the oxicanoxic border at these times could have caused green sulfur bacteria to be mixed into the surface waters.
Algal chlorophyll a was highest in surface waters, with concentrations between 5 and 150 mg m-3. Due to the sinking of particles, there were at times also high concentrations in the anoxic water ( Fig. 3: 11 June). On average some 20% of the pigment in the bottom water was TChl a, but on some dates it constituted > 50%. Since the anoxic waters of Siders Pond contained both chlorophyll-a-bearing organisms and green sulfur bacteria, equations which did not take into consideration the interference of bacterial and algal pigments would give erroneous pigment concentrations (Table 1) . Such errors would be greatest when the concentration of green bacterial pigment was high relative to that of algae. In Siders Pond the concentration of bacterial pigment was occasionally six times that of the algal pigment: using standard equations to calculate algal pigment would lead to fivefold overestimates in chlorophyll a (Table 1: 14 m). Conversely, errors in calculated bacterial pigment would be large when concentrations of algal chlorophyll were relatively high: in such a case the equations of Takahashi and Ichimura (1970) would have led to a twofold overestimate (Table 1 : 6 m). However, at 14 m, where Takahashi and Ichimura (1970) and algal pigments with the extinction coefficient for chlorophyll a (Golterman and Clymo 1969) . Also included are both Chl-GSB and Chl a calculated by the equations of Parkin and Brock (198 1 the concentration of algal pigment was low relative to bacterial pigment, our equations and those of Takahashi and Ichimura gave nearly identical standing stocks of bacterial pigment (32 and 28). Neglecting the presence of the pheopigments of Chl-GSB could also lead to errors in calculated concentrations of bacterial and algal pigments, particularly in deeper waters where a larger percentage of the pigment was degraded. For example, while we calculated that at 14 m some 15% of the pigment was algal, the equations of Parkin and Brock (198 1) would lead to the conclusion that some 40% was algal (Table 1) .
Although our equations have been tested in only one system, we think that they will be effective in distinguishing chlorophyll a from the pigments of green sulfur bacteria in many systems. 
